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FOREWORD

This is the final report on work completed under FY 1983 and FY 1984
funding. The work was performed under subcontract to SERI with funds
provided by the Biomass Energy Technology Division of the U.S. Depart-
ment of Energy under a program to investigate the mass culture of miero-
algae as a source of renewable fuels.
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SUMMARY

DBJECTIVES

An overall objective of the project was to conceptually determine if simple
open pond systems have application for the production of fuels from
microalgae. To demonstrate the overall objective, work concentrated on
showing the potential microalgal yields that are possible from an open pond
system on a sustained basis. Furthermore, problems (pond management, design)
associated with this experimental system were documented and reported so that
future endeavors shall benefit., Finally, operational costs were documented
to permit preliminary economic analysis of the system. Specific objectives
that were set for fulfillment of this contract were:

- demonstrate the putdoor monoculture potential of at least four species
of promising oleagenous microalgae,

- demonstrate sustained yields (4 mo.) of at least 2 species of promising
oleagenous microalgae.

- identify specific management etrategies that are applicable to the open
pond system,

- identify cost centers, and report operational expenses associated with
the present operations,

- conduct experimental work aimed at reducing the operational costs
associated with the system.

Under this contract, the species selected to be grown was deemed very
important., A primary objective of this work was to determine the suitability
and productivities of microalgae designated as "promising" by other
subcontractors working on this project. Thus species selection for outdoor
work was determined with inputs and accord of other subcontractors and the
S8ERI program coordinator. 0Once species were identified that grew well
outdoors, work was initiated so as to establish management strategies for
maximization of productivities., Specifically, this work compared batch vs.
continuous culture and mixing speeds. Cost centers were identified and
operational costs recorded and reported for subsequent economic analyses and
comparisons.

The specific tasks set for this project were:
TASK I. Inoculate and maintain in outdoor ponds af least 2 species of
microalgae that have been identified as "promising" by ASP researchers

involved in screening and development.

TASK 1I. Compare the productivities from two pond management strategies;
batch and continuous culture,
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TASK III. Acclimation of Jgochrisis galbana from a salinity of seawater (35

ppt) to a slightly brackish salinity of 5 ppt.

TASK 1V. Determine the cost-productivity trade-offs of chemicals {(chelators,
trace metals) presently added to the medium.

TASK V. GBrowth of microalgae on recycled media.

TASK VI. Maintain two species of the previously selected microalgae in the

outdoor ponds for a peried of at least four months in a production mode that
will best demonstrate the potential of the system.

DISCUSSION

All of the tasks outlined for this project were addressed during project
performance. Of the strains of microalgae provided by pther ASP
subcontractors, none could cutcompete invading wildtype algae. Nonetheless,

in mass culture, one for two months, the nther for one month. Results
obtained using these strains did provide information useful to the screening
program in the future. Two wildtype organisms, Scepedesmus guadricauda and

po B AR ——— -

Chlorella sp. provided most of the outdoor results., The Scenedesmus was
maintained for thirteen months, averaging about 13 gm/mzlday. 1t wag used
to compare batch ve. continuous cultivation, for mixing speed experiments,
tor media recycling, for storage product induction tests, and for the
determination of operational costs. The Chlorella was grown for two months

at over 20 gm/mzlday, and was used to determine the relationship between
mixing velocity and productivity.

The maintenance of a monoculture was not difficult when climatic conditions
were relatively constant. Changes of species, from Scenedesmus to Chlorella,
occurred when pond temperatures rose above 35°C and reversed when the
temperatures dropped. Both wildtypes tolerated a range of TDS and mineral
composition. Ankistrodesmus tolerated most medium composition variations,
except low K¥, but was sensitive to high irradiance when in dilute
suspension. None of the organisms required chelator, trace supplementation
(beyond that available in the water used), or vitamin supplementation. The
results indicate that a monoculture can be maintained if either the seasonal
temperature variations are small or a competitive strain is used which has a
broad temperature optimum. A competitive strain is one which does not
exhibit significant photoinhibition, oxygen inhibition or respiratory
losges, Of course, TDE will exert an overall selection criterion,

As mentioned above, the productivity results obtained with the "summer”
;-;;;;-;;und avera;;-agnig:ia gm/mzlday is attainable in this northern
California climate with the strains used. A yearly average of over 20-25
gm/mzlday could probably be obtained 500 miles south, where ambient



temperatures are higher during spring, fall and winter. Continuous
tultivation increased production relative to sequential batch operation, by
30% during summer. However, the typical density of the culture at harvest
time was much lower under continuous cultivation. In addition, induction of
storage products required one to three days of batch growth after a
continuous or batch active growth stage.

Mixing velocity experiments revealed four factors of importance in
considering optimum mixing speed: CO, outgassing which increases quickly
with mixing speed, power input which increases even more quickly, suspension
of cells, and productivity response. It was found that 15-20 cm/sec mixing
suspended. It was also found that, from 1 to 60 cm/sec, mixing speed had no
effect on productivity.

Experimental results indicated that organisms respond very differently to pH
and CO, concentration, as well as to dissolved oxygen. The latter may turn
out to be an important screening criterion, as high DO is endemic to large
systems, The response to pH and COp determines the range of pH (given

water alkalinity) in which a system can be operated. The pH should be as low
as possible to obtain the highest dissolved CO, required for maximizing
average production. But this must be balanced against outgassing loss of

CO, which increases with concentration. Mixing speed affects the surface
mass transfer coefficient.

effluent recycle was used to evaluate the cost of the inputs to the system.
Cell harvesting was inexpensively achieved due to the very good sedimentation
properties of this strain which grew in large clumps. The nutrient, COo,
and gower inputs were monitored. The harvested biomass output averaged 135
gmn/m4/day. Initial input costs were $1.09/kg AFDW and were dominated by

COp costs (75% of the total). Realistic assumptions concerning prices of
CO0, and nutrients, bought in bulk, led to a 75% reduction in projected

cost. Another 50% reduction would be necessary and would have to come from
the assumption of a source of CO, at below present market price. Increased
productivity, although important in terms of distributing annualized capital
costs and labor costs, has little impact on the inputs considered here since
most are nutrients that are proportional to biomass output.

CONCLUSIONS
The major conclusions of this project can be summarized as follows:
1) Using two wildtype species in northern California a yearly average
productivity of 15 gm/mz/day, or 24 tons/acre/yr can be obtained in

water with TDE = 4-8 ppt.

2) This can probably be increased to 20-23 gm/mzlday or 32-4¢
tons/acre/yr in southern California.
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3)

4)

3}

6)

1)

Productivity can probably be further increased by using competitive
strains screened for

a) low respiration rates

b) tolerances to high levels of dissolved oxygen
t) broad temperature optima

g} resistance to photoinhibition.

In systems with randomized, turbulent mixing, productivity is
independent of channel velocity at least for productivities up te
25-30 gm/mzlday and velocities from 1-3Q cm/sec.

Storage product induction regquires one to three days of growth in
batch mode under N-depleted conditions,

Critical cost centers include CO, input, harvesting and systenm
capital cost. Increased mixing speed increases (O, losses, power
input, and system costs and must be adeguately offset by very large
increases in productivity,

Media recycling, necessary for water conservation, has no adverse
effects, at least in the short term for strains which do not excrete
organics, and when the harvesting method is at least moderately
effective for all algal forms which may be present.

vii
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SECTION 1.0
INTRODUCTION
1.1 BACKGROUND

This report is & continuation of a project performed by EnBio, Inc., under
subcontract XK-3-03000-1. It was performed parallel to ASP species
screening efforts and an outdoor project performed in Hawaii. The goal of
the combined efforts is to advance the technology for producing lipid
containing microalgae with the highest yields at the lowest cost. This
specific effort was geared to identifying critical cost centers and
elucidating methods for lowering their costs.

The project utilized both naturally invading algae and organisms provided
from the species screening efforts of other ASP subcontracators. The
media used in this effort spanned the range from fresh to brackish waters
- 0.4 to 8.5 ppt total dissolved solids. The pond system used, built
under the previous subcontract, consisted of plastic-lined 100 mé algal
growth ponds, operated at 20 cm depth, and mixed by paddlewheel to provide
slow to moderate channel velocities, Continuous and semi-continuous
operational modes were tested, and batch nitrogen deprivation studied.

1.2 PROJECT GOALS AND TASKS

1.2.1 Longterm Productivity Data

One of the major tasks set forth for the project was the determination of
yields (gm!mzlday) averaged over an extended period of time. It was
hoped that specifically screened strains, provided by other ASBF
subcontractors, would be used in generating the data. As it turned out,
these strains did not compete well with indigencus algae, and only oane,
ISF';EF;'EEEE_OEE'QEEEH. It was grown for two months on two different
occasions, each time it was eventually outcompeted by indigenocus algae.
Two species of the latter were cultivated for two months or more. A

gp for two months. Most of the outdoor productivity data, and directed
experimental results were obtained with these organisms. Much indoor data
however, was obtained using the screened species.

Another major goal of the project was to try to learn what factors limited
the productivities as measured and in addition, what factors were decisive
in determining species dominance. Factors investigated in relation to



yield limitation included pH, COp levels, dissolved oxygen levels,

mixing intensity, temperature and light input. GSpecies competition was
studied in relation to tolerance to high and low temperature, high light,
high DO, and mineral composition of the various growth media.
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Besides the obvious impact of increased productivity on cost, the
operational variables were examined for their impact on the cost of
biomass production. Thus mixing intensity was studied in terms of yield
enhancement, power utilization, and CO, outgassing. Media recycling was
examined since it is essential for water conservation. The physiology of
CO, utilization, and its relation to pH and alkalinity, were studied.
Sedimentation, unaided by chemical flocculant addition was investigated as
a means of harvesting biomass. Although no concrete rules can be
formulated, as strains vary in their requirements and characteristics
{e.g. sedimentation rates, pH optima) specific costs can be attached to
any procedure or operation aimed at increasing yield and hence its
cost-effectiveness can be evaluated., The results of the analyses in this
report were formulated to serve this kind of function.

1.3 ORGANIZATION OF THE REPORT

The following report is broken down into eleven sections including this
introduction. In Section 2.0, materials and methods general to the report
as a whole are outlined., However, some sections contain descriptions of
those proceduraes which were specific to data collection reported therein.
Section 3.0 presents the observational data obtained from extended
cultivation of several strains. Thus, in addition to productivity data
and correlations with climatic inputs, the characteristics of the
organisms and the problems involved in maintaining prolonged cultivation
are described, In Section 4.0 results are discussed from experiments that
were aimed at taking a closer look at the physiology of yield dependence
on factors like temperature, oxygen, light input and respiration. In
Section 5.0 this discussion is extended to include mineral composition and
salinity. Recycling of clarified culture effluents {(water recycling) was
alsop studied. Results from two six-week experiments are presented. In
Sections 6.0 and 7.0 two of the most critical cost centers, mixing and
carbonation are discussed in terms of experimental results., Two important
pperations, storage product induction and harvesting are treated
respectively in Bections 8.0 and %.0. Finally, all of the results are
brought together in Selction 10.0 in an analysis of the operational costs
of algal biomass production., Here the actual costs incurred during this
project are summarized and from these, costs of production at the present
state-pf-the-art are projected for a large scale system. The major
conclusions from the project are summarized in Section 11.0.



BECTION 2.0

METHODS

2.1 LABORATORY METHODS

Dry _Weights., Volatile suspended sclids were concentrated either by
filtration (washed with 4 x H,0) or by centrifuging 10-35 ml at 17,000
rom on a 5534 rotor in a Sorvall RCSB centrifuge (app. 20,000 xg) and
discarding the supernatant. The filter or pellet was transferred to a
preweighed weighing dish, heated at 1039C overnight, weighed, ashed at
5509C for fifteen minutes, and reweighed to obtain the volatile solids
by difference. The data was calculated as mg/L of splids., For ash
content the sample was either filtered through a Whatman GF/A paper and
rinsed with 3-4 volumes ot distilled water or the centrifuged pellet was

washed with 10 ml distilled water.

Total Dissolved Salids_(TDS). Total dissolved solids were determined by
placing 10-15 mls of clarified culture (centrifuge supernatent) in a
pre-ashed, pre-weighed aluminum weighing dish, drying overnight at
1039C, weighing, ashing at 550°C for fifteen minutes, and reweighing.
The inorganic total dissolved solids were calculated as the ditference

between the final and initial weights.

Hardness_[1), 50 ml of sample (clarified culture or water) was placed in
a 100-150 ml beaker, 0.5 ml EDTA-NH3 buffer was added, then one scoop of
indicator powder (0.5 g Eriochrome Black T mixed with 100 g AR grade Nall)
was added and the solution stirred. The mixture was titrated with EDTA
titrant (3.72 g NagEDTA in 1 L distilled water standardized against a
standard CaCOz solution) until the solution turned from obvious pink to
obvious blue, but not purple. Hardness was expressed as mg Ca?t/L or mo

CaCO3/L.

Alkalinity. Alkalinity was determined by titrating samples with

standardized HCl or H,50, down to pH 4,20. The alkalinity was
expressed as mmoles OH™ consumed per liter sample.

Generally a 100 ml sample volume was titrated with 0-20 ml 0.1N HCl. The
solution was gently stirred with a magnetic stir bar, and the addition of
acid was moderately rapid below pH 7 to minimize the effect of CO;

escape.

Ltipid_Content {2]. Algal suspensions were concentrated by
centrifugation., The pellet was used for both ash-tree dry weight
determination and lipid determination by the medified Bligh and Dyer

method.



Total Carbohydrate Content [3]. 1.0 ml of 5% phenol solution was added to
1.0 ml sample containing 0.015 to 0.130 mg carbohydrate in an 18 x 130 am
tube. After mixing, 5.0 ml of 0.5% hydrazine sulfate in concentrated
Hp804 was added, covered, and mixed well with a vortex mixer. After
tooling to room temperature, absorbence at 490 nm was determined and total
carbohydrate concentration was calculated from a glucose standard curve,

Urea [4]. Clarified culture liquid was diluted appropriately and then
treated with a buffered urease reagent to liberate ammonia. The ammonia
was detected as below.

Ammonia, Ammonia was determined from clarified culture liquid using the
phenol~hypochlorite reaction to form blue indephenpnl at high pH, according
to the method of Solarzano {G1.

2.1.2 Indoor Cultivation

A e . e e TS e o am -

1 Liter Roux Flask Cultures. A low light, continuously illuminated
experimental apparatus was used for initial studies and bivassays. One
liter Roux flasks (5 cm thick) were filled with 750 ml culture, sparged at
20-100 V/V/hr with a 98:2 air/C0,, incubated at 28+ 2°C at pH = 7.5+

0.5, The bottles were placed in a light bank of cool-white fluorescent
lamps at light intensities between 25-40 Wm™2 per side (see data tables
for specific conditions)., Productivities from these experiments were
determined from ash-free dry weights and expressed as gm/L/day or

gm/mzlday, or percent visible light utilization efficiency.

1.4 sg. m Indoor Tank Cultures. A high light, diurnally illuminated
experimental apparatus was used to produce innoculum for outdoor wark, for
comparative productivity data, and for media optimization and recycling
experiments. Generally 1,4 n? tanks were operated as sequential batches
at 10 cam depth (140 L) and mixed by paddiewheels (“1.5 fps), Light
intensity varied depending on the experiment from 50-275 Wn~2 (see data
tables for specific data) and was provided by two MS51000 metal halide
lamps per tank. Temperatures were generally 25-309C. pH was adjusted

by intermittent addition of 100% CO, controlled by pH regulators. Grab

samples were removed daily at 1000 hours.

Sequential batches were operated by removing a percentage of the pond
volume on a given schedule and replacing with an egqual amount of fresh
medium plus additional amounts of consumed nutrients in proportion to the
biomass removed. When media recycling was practiced, a given volume of
the pond was centrifuged through a Sharples T! continuous separator, the
effluent returned to the pond and consumed nutrients replaced.

2.1.3 Media Used

The cultivation media used varied with the organism being grown. Table
2-1 lists the media compositions.



Table 2-1.

Scenedesmus

sps
mM

Media For Indoor

Chlorella
Ankistrodesmus
Docystis

mM

Cultivation

Isochyses

KoH-KHoPO4 Buffer
Mg 504.7H,0
MgCly. 6Ho0
Na;S04
FeS0g4.7H,0
Na,EDTA

Trace Soln
Urea

NaNOz

B-12

Biotin
Thiamine
Nap5i03

NaF
NapBaO7.10Ho0
Trace Soln:

Element

ppm

0.5
0.1
0.05
0.02
0.5

2.0

2.0

0.07

Element

Ni
Cr

ppm

0.01
0.01
0.01
0.01

2.5

1.3
0.035
0.07
0.5ml /L

b-12

0 or 0.5 ug/L

0 or 0.5 ug/L

0 or 0.! mg/L
0.26

0.26

5.0-10.0
4900
10.90
1.0
0.2
24.9

20,0

0.5ml/L

12.0

0.9 ug/L
0.5 ug/L
0.1 mg/L

0'1



2.2 OQUTDOOR POND OPERATIONS

Outdoor ponds were operated as sequential batches, continuous cultures, and
batch induction cultures. A schematic of the system is shown in Figure 2-1,
and some photographs in Figure 2-2.

Dilution_and_Media All batch ponds were operated from initial inoculation or
by emptying 75-90% of an operating pond culture and refilling with fresh
medium. Density increased four to twelve fold prior to restart of the batch
tultures. The basic medium components used were the same for all cultures and
are shown in Table 2-2, Trace metals were available in sufficient amounts in

the irrigation water used. Addition of chelated trace had no effect.

Continuous ponds were diluted automatically over a 12-hour period from 7AM to
7PM. Inflow was metered through a calibrated water meter. Outflow was via an
overflow pipe and flowed by gravity to the harvesting ponds which were emptied
automatically on a daily basis. Nutrients were fed to the ponds automatically
from a nutrient mix tank (Urea, NaHCOz, FeS04, EDTA) over a ten hour period

or added manually each morning (P and Mg). Urea was added to reach a final
concentration of 20-30 ppm urea-nitrogen.

Addition of Carbon Dioxide. CO, was added from 65 lb. tanks and, after 5/84
from a 6 ton tank via diffusers. Generally pH was kept between 7.0 and 9.5,
occasionally it went as high as 10.0. GSodium bicarbonate was added to increase
the CO, storage capacity. Alkalinity was measured to be between 5.0 and 20
meq/L. At 10 meq/L, approximately 80 mg/L of algal biomass can be grown during
a pH rise of B.5 to 9.5, excluding COp loss due to outgassing. COy

additions were made automatic, slowly diffusing in CO, over an eight-ten hour

period,

Sampling_and Measurements Batch ponds were sampled manually (grab samples)
each morning from four prescribed sampling points and composited. Samples were
taken to the laboratory for solids, pH, and lipid analysis (if required).
Effluents from continuous ponds were sampled every forty minutes from 9AM to
7PM using an IBCO compositor, Each night the compositor samples were collected
and stored in a refrigerator until the next day. The compositor was not
refrigerated, Measurements of fresh samples vs5 unrefrigerated samples
indicated that on the warmest days as much as 13% of the biomass may have been
respired away during compositing. Productivity values were not corrected for
this, but recirculation of cooling water through the ISCD sampler was
implemented starting 4/14/83.

Temperatures were recorded daily from max/min thermometers placed in each
pond. Throughout, max/min ambient temperatures were recorded. pH was recorded
manually twice a day.

A LiCor Solar Monitor automatically measured, recorded and stored daily solar
input totals as watt-hour/mzlday which was converted to Langleys per day.
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Depths were measured daily and evaporative water loss recorded. Productivity
for batch ponds was calculated using daily ash free weight differences
{corrected for evaporative concentration) and expressed as gms ash free dry wt
per m2 per day. For continuously operated ponds, the weight of the

composited sample (gm/L) was multiplied by the corrected outflow per day
(L/day) and the product divided by the pond area (nd),

Table 2~-2. Media for Outdoor Cultivation

Scenedesmus sps Ankistrodesmus, Chlorella
Nutrient Added mM mM
NaHCO3 3.5 3.5-20
NaCl 0-112 56-112
Na2HPD4 0.2 0.2
K-muriate - 3.3
Urea 0-35"0.70 0-35-0-70
Water Contains: 1,0-1.5 mM Alkalinity
0.1-0.2 nM K
0.5'1.0 m" Ca
1.0-1.5 mM Mg
0.2-0.5 ppm Fe
0.5'2:0 m" Na
0.5 mM C1
0.2 mM S04
Trace:
B 0.2'0:3 mg/L
In 0.025 mg/L
Mn 0.03 mg/L
Cu <.0t mg/L
Cr <. 01 mng/L
F {.1 mg/L
Pb 0.012 mg/L
Hg <.001 mg/L
Se <.01 mg/L



2.3 GSEDIMENTATION ANALYSIS

Sedimentation rates were measured using 500 m)l graduated cylinders filled to
925 ml with well-mixed culture liquid. Samples were withdrawn from the 225
ml mark (15 cm below the S00 ml mark, 12.5 tm above the bottom) by siphoning
through a thin line made of glass and plastic tubing. The line volume was
about 6 ml. The density at the sampling point was measured in Klett units
over a one hour period, starting at time zero, and then after 3, 6, 9, 15,
20, 30 and 60 minutes. In an idealized system the fraction of particles
(Ng=N¢) /Ny (N=Klett density), missing after a given time, say one hour,
corresponds to the fraction of particles in the initial culture sample which
have settling velocities greater than or equal to 15 cm/1 hr = 15 em/hr. In
order for this to be strictly true, several conditions must be met: (1) the
initial mixture must be uniform, {(2) the extent of the cylinder must be great
encugh so that accumulation of sedimenting (or floating) cells does not
intertere with the further settling of cells, i.e., no bulking problems, (3)
there are no other interactions which hinder removal, (4) no convection, (3)
the particles must not flocculate prior to settling, and (6) the liquid level
must not change significantly. None of these criterion can be rigorously
met, except the first. The sampling point was taken near the midpoint of the
cylinder to allow ample space for compaction (or bulking) of both floating
and settling particles.

10



SECTION 3.0

EXTENDED CULTIVATION RESULTS

3.1 INTRODUCTION

Three species of algae were cultivated in 100 nZ (and 200 a2) ponds
for at least one month, Two of the species were wild types that invaded
the pond during cultivation of inoculated species. One, a Scenedesmus

strain, S. obliguus 1450. The §. quadricauda was cultivated for thirteen
months in freshwater and for three months in brackish water (4 ppt TDS).
In freshwater it was grown both continuously (continuous dilution over
daylight hours) and semi-continuously (seguential batches diluted every
three to seven days). During the winter of 1983-84 (Dec., Jan., Feb.) it
was maintained in a 200 m2 pond but no data were taken. Another wild

isolate) in brackish water (4.5 ppt TDS), during July 1984, It was
cultivated for two months, Aug.-Sept. 1984, semi-continuously. The §.

- - e e -

water recycling and biomass removal. The Chlorella, on the other hand,
grew as non-settleable single cells which afforded the opportunity to
measure productivity as a function of channel mixing velocity even at the

very low end of the scale {(Section 4.0),

Twa strains,'provided by species screening efforts of other
subcontractors, were also cultivated. Ankistrodesmus talcatus was grown

brackish water (4-8 ppt TDS). A freshwater Scenedesmus sp, So2a was grown
during October 1983 both continuously and semi-continuously for a short
pericd of time., However, neither of these strains could cutcompete
wildtype organisms in the long run, Two other pre-screened strains, an
Qocystis and Chlorella Sola were introduced into the outdoor environment

but could not be grown long enough to inoculate the large-scale (ZIOOmZ)
ponds.

Table 3-1 outlines the species grown at the mass culture level, the
guration of cultivation, and the time of the year in which they were
cultivated. In the data tables presented in this report, productivity is
cited as both "sustained" and "maximum" productivities. GSustained
productivities are averages over a specific period of time during which
the cultivation was carried out, but it does not include data from very
dilute suspensions (<50 ppm) or stationary cultures. Both of the
situations arose often, as we tried to determine both the minimum and
maximum densities which afforded good production. These changed with
climatic conditions., Maximum productivity refers to an average of the
maximum production value from each batch measured during the averaging
period.

11



Table 3~1. FPeriods of Cultivation of Microalgae
in 1002, 200m2 Ponds

1983 1984
J A 8§ 0O N D J F H A M J J A S O
S. quadricauda

Freshwater
semi-continwous  _____________
Freshwater
contipuows
Brackish Water
semi-cont,
Chlor. sp. Brackish Water
Semi-cont.
Ankistrodesmus Brackish
Water semi-cont.

8. S5o02a Brackish Water
semi-cont.

8., S02a Brackish Water
continuous

3.2 GSCENEDESMUS QUADRICAUDA WILDTYPE

o e s am e o e e T S s T e B e e e R e e R e o e A e o e T e - - T

PR

climatic summaries. The sustained average productivity for nine months
{excluding Nov. 1983 - February 1984 when productivity was about 3-5
gm/mzlday) was 14 gm/mzlday. Exclusion of one more month, July 1984,
during which high temperatures eventually led to the death of the cultures,
sustained productivity averaged almost 16 gm/mzlday. Photosynthetic
efficiencies, based on total insolation varied between 1.2 and 2.24. The
lowest efficiencies were recorded during the warmest months. Mid to late
spring appeared to be optimal for cultivating this organism.

The cultivation media is listed in Table 2-2. The major chemical constituents

from the irrigation water used are included; the minor constituents were also
listed in Table 2-2.

12



Table 3-2. Scenedesmus quadricauda Productivity

in Freshwater

Typical
Final

Average Productivity Maximum Productivity T,9C Density
Month/Yr  gm/m2/d Loly/d % Ef¢. gn/mn2/d  Lgly/d Min/Max ppm

wies 15 b8 12 18 oot 20-32 275
Aug 83 14 068 1.4 17 584 18-32 Jou
Sep B3 14 413 1.8 i8 504 16-29 300
Oct 83 13 327 2.2 16 343 12-22 300
Nov B3 5 158 1.6 6 248 5-13 250
Mar B4 13 419 1.6 15 411 §-22 409
Apr 84 15 4354 1.8 17 549 11-26 500
Hay 84 20 656 1.7 26 671 17-31 800
Jun 84 17 673 1.4 25 688 20-32 500
Jul 84 10 600 0.8 15 673 25-37 400

Ave. 8 mo. 16
Ave. 9 mo. 14

The productivities from three months of continuous cultivation are depicted in
Figure 3-2 and Table 3-3 and compared to concurrent semi-continuous values in
Table 3-4, The difference in productivity was greater during the summer.
Maximum pond temperatures were also lower during continuous cultivation as
expected due to the significant dilution with water at 20-25°%C. Anather
important distinction is the maximal density achievable., i.e., the density
typical at harvest time. Here semi-continuous (batch) cultivation is
advantageous since densities were twice as great when productivity was reduced
only 25%. As shown in Table 3-2, typical batch densities {(and productivities)
were even greater in 1984 than 1983 reaching 700-800 ppm at time of dilution.

A& further distinction between continuous and semi-continuous operation is
notable. The organism exhibited an extremely prenounced tendency to form
colonies and for colonies to agglomerate into clumps. This occurred shortly
after the initial invasive bloom (the lack of clumping upon initial blooming
was observed three times). The colonies were predominantly four-celled,
although two and eight celled colonies were present in significant numbers.

13
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Table 3-3.

Det.
Time

Scenedesmus quadricauda Continuous Culture Experiments

five.
Insol.
Lgly/d

pH Range

Density
ppm

Ave.
Prog.
gm/mild

Ave.
Eff.
%

Max.,
Prod.
gm/mzld

TOC
Min-Max

9/7~
?/11

9/12-
9/29

1.7

1.9

2.6

2.7

350

o938

483

7.5-8.95

9-0-9.0

7-5'9-5

B|0-9l5

7-5-9-3

7-2-9-3

115-200

135-135

115-170

113-160

134-154

160-180

16

18.8

16.7

12.0

15.4

1.8

1.7

1.2

1.9

23.2

18.7

12.6

16,9

19-28

17-27

18-24



Table 3-4. 8. guadricauda Continuous vs. Sequential Cultivation

Cont. Prod. Typical Seq. Batch Typical Max. Productivity

gm/mzlday Density Production Batch Density % Increase
Month/yr ppmMm gm/mzlday ppm
ey e 10 s 25 2%
8/83 18.8 150 14 350 34
9/83 15 140 14 350 7

During continupus cultivation several colonies associated forming clumps of
20-100 um in typical dimension. However, during batch growth, hundreds of
colonies ciumped into flocs of one hundred to several thousand microns. Figure
3-3 shows a typical clump. Except during July 1984 when growth of the strain
was tentative, these clumps were dense in rcells and sparse in cell debris and
detritus. It was typical that as temperature exceeded the optimum of

25-309C, more and more of the biomass of a clump was composed of cellular
debris.

It was also observed that the 5. guadricauda cultures were pleiomorphic and may

not have been composed of one pure strain. Rather two merphologically distinct
types of cells were always present, each in two size ranges. The dominant form

size. The other form resembled reproducing §. guadricauda and occurred in 5 x
7 um and 4 % & um cell sizes.

3.2,2 Brackish Water

(March through May 1984), of composition shown in Table 2-2. This medium,
although high in NaCl was low in both K*¥ and Mg2* compared to the medium

[ARSIAS TP 3§ L9 e l2k22

Chierella wildtype). Productivity summaries for 4.0 ppt growth are shown in
Table 3-5, as weekly averages. In all cases productivities were similar.
However, as will be discussed in Section 4.0, the temperature optimum was

shitted downward as salinity increased.

17
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Figure 3-3. Photomicrographs of Algae Cultivated
5. gquadricauda clump B. Ankistrodesmus clump
Chlorella sp, D. Dispersed Ankistrodesmus
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Table 3-3. §. guadricauda Saline 4 ppt

Weekly Productivity Summaries

Average Productivity Prgz. T,°C
Mo./wk gm/mzld Lgly/d % Eff. gm/mzld Min/Max pH Density
A 5 6 15 16 11922 B.e-9.5 370
2 16 532 1.5 19 8-25 7.6~8.6 480
3 10 476 1.2 15 13-29 8.5-9.0 960
4 17 601 1.6 20 13-24 8.2-8.5 740
ﬁve=I;
5/1 18 561 1.8 23 13-23 B.0-8.5 940
2 19 655 1.7 26 14-27 7.5-8.98 750
3 15 590 1.4 18 12-29 7.8-8.4 550
4 14 669 1.2 20 15-30 8.0-8.3 350
Ava=;;

Table 3-&6 presents another way of summarizing the freshwater sequential-batch
growth of this organism. Here the values obtained for sustained
productivity, maximum productivity and the environmental conditions of
minimum pond temperature, maximum pond temperature, and total insolation are
analyzed statistically, The data are from 39 sequential batches, not
weighted by batch duration (as was done in previous productivity summary
tables). It can be seen from Table 3-6 that the variance in the prediction
of productivity is reduced about 50% by using a knowledge of any one of the
three variables, in a linear regression. Adding more than one variable to
the linear estimate adds little to the predictability of productivity.

Better fits may have been obtained by, e.g., using two linear regions in a
piecewise arrangement with a steeper slope at lower values of the
temperatures and insolation. However, the sparseness of experimental points
in this lower end renders such an analysis of gquestionable value. As will be
discussed in Section 4.0, temperature optima seem to exhibit sharp cut-offs
at the high and low end.

19



Table 3-6

A: Statistical Parameters of §. guadricauda Data: Sustained

Variable Symbol Mean Variance 5.D. n = 39
Productivity e 147 1s.8 o
Tain Ty , 15.5 19.3 4.4
Toax Ty 27.8 28.6 5.3
Total Insolation I 526 26,600 163

PE = 6-71 + 0142T1 - 0.245T2 + 0-0158 IT
RZ = 0,555, R = 0,745

§g2 = 52(1-R2) = 7.0

Pg = 5.32 + 0.61Ty RZ = 0.45, R = 0,47, SEZ = 8,7
Pg = 0.682 + 0.51T,  RZ = 0.46, R = 0.68, 8g2 = 8.5
Pg = 5.49 + 0,017617 R2 = 0.52, R = 0.72, §g2 = 7.6
§2 = Variance of productivity measurement

E = Estimate

SEZ = Variance of productivity about the regression line,

20



Table 3-6 (Cont.)

B: GStatistical Parameters of 8. quadricauda Data: Maximum

Variable ______ Mean ______ Variance_ ______ 8.0 ______ n_=_38__
P 18.9 35.6 6.0
Tl 15.9 17-1 4-1
T2 27-3 32-4 5!7
It 535 26,658 147

Pg = 5.7 + 1.26T; - 1,021, + 0.0394 Ip

RZ = 0,615, R = 0.784, S§g = 13,7

= R -} P~y

Pg = 3.6 + 0,964 Ty  RZ = 0,44, R = 0,47
Pg = -5.4 + 0.71 T2 g2 = 0,46, R = 0,68
Pg = 3.3 + 0,029 I  R% = 0,51, R = 0,72

—— -

treshwater and some brackish water formulations given the climatic
conditions prevailing., 1Its natural tendency was to agglomerate into
clumps. This tendency was most pronounced in freshwater semi-continuous
operations, still pronounced in brackish water semi-continuous operations,
and least evident in freshwater continuocusly diluted ponds. The clumping
allowed easy harvesting., The longterm cultivation demonstrated that
productivities of about 15 gm/mzlday longterm average should be easily
pbtained. However, the organism was not sustainable in the ponds at the
warmest time ot the year when maximum pond temperatures rose above 35°C,

21



3.3 CHLORELLA WILDTYPE

R R~ —F- P Y- SPp— IR P L - T -

grown in this medium. However, the Chlorella was only sustainable during

the warmest time of the year. As temperatures dropped in October 1984 to
below 15°C min. and 259C max. the organism died.

Table 3-7 and Figure 3-4 show average weekly productivities measured with
the Chlorella sp. Levels of dissolved oxygen were kept below those
normally reached in the ponds., Section 4.0 has details., Sustained and

Average Maximum Typical Batch
Productivity Eff. Prod. T,9C Ending Density
Mo/Wk gm/mzlday Lgly/d % Tot gm/zlday Lgly/d Min/Max ppm
o1 23 st 2.0 %0 en 1ss2 0
2 22 610 2.0 31 552 21-32 390
3 18 601 1.6 23 615 21-32 325
4 22 525 2.3 26 536 19-30 625
Mo. ave. ;I ;;
9/1 19 560 1.9 26 565 18-29 400
2 21 306 2.3 - - 18-29 650
3 11 490 1.2 15 497 20-30 450
4 i1 427 1.4 15 417 15-25 400
Mo. ave. ;; ;;

22
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calculated for Scenedesmus. The average (sustained) productivity correlated
only fairly with maximum temperature and poorly with total insolation. In
fact, little decrease in the unaccountable variance of the predicted
productivity is gained by adding knowledge of these variables toc knowledge of
minimum temperature, Of course, the variability of all parameters was fairly

small (10-20% of the means) during these experiments.

The best correlations were found in the maximum production data set (Table
3-8B)., Linear models explained most of the variability in productivity, mainly
in terms of maximum temperature and insolation. About 80% of the variance
could be accounted for by the changes in these variables. Partial
correlations, however, did not indicate that the correlation between production
and either maximum temperature or insolation was due to the linear correlation
of either of these variables on the other.

The lack of correlation of some of the data may again be due to poor choice of

model. A glance at the scatter diagrams (see Appendix) reveals that piecewise

linear fits may have been a better choice of model for the sustained production
data set and for the minimum temperature-maximum productivity data.

Better correlations were expected using maximum productivity data than average
productivity., The latter includes points which were most likely limited by
suboptimal cell density. Even the high correlation of maximum production with
insolation and maximum temperasture is not evidence that no other variable
limited productivity. Almost all productivity values were below 30

gm/mzlday.

. - — " - AD - - — -

screening effort, It was cultivated during the late summer and fall of 1983
and again during the spring of 1984, Although the original medium recommended
by Dr. Thomas called for vitamin supplementation, indoor experimental results
indicated that this was not necessary. Consequently, after 9/28/83 vitamins
were not included in the outdoor medium.
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Table 3-8

A: GBtatistical Parameters of Chlorella Data:

Variable Mean Variance 5.D. n = 18
P 18.7 21.6 4.6
Tl 18-3 4!1 2-0
Ty 29.0 7.8 2.8
17 532 3,598 63

Multilinear Regression:

PE = -15.2 + 2,387 + 0.028T, - 0,021

- R%2 = 0,72, R = 0.85

Bilinear Regressions:

Pe = 16,3 + 1,91 Ty RZ = 0,695, R = 0,83

Pe = -17.0 + 1.2 T RZ = 0,547, R = 0.74

Pp = =5.06 + 0,045 It  RZ = 0,386, R = 0,60

B: Statistical Parameters of Chlorella Data:

Variable Mean Variance §.D. n =14
e 235 w0 ot
T 18.9 9.7 2.4
Ty 29.3 10.2 3.2
Iy 558 5,922 77
Regressions: Coeff. vector R¢ R
Pvs Ty (5.3, 1.53) 0,324 0.57
P vs Iy (-15.4, 0.070) 0.704 0.84
P vs Ts (-27.5, 1.74) 0.762 0.87
P ve To,ly (-26.1,1.16,0.028) 0.790 0.890
P ve TyyTo,I1 (-25.4,-1.36,2.07,0.023) 0.867 0.93

Partial Correlations: Based on P vs Tn.., Iy

rp1.1 = 0.357,
rer.7 = 0.375,

1 held constant
T held constant
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Productivity data is summarized in Table 3-9. Productivity of this strain was
lower than that of both wildtypes except in Nov. 1983 at low insolation and
temperature. Until late Sept. 1983, the cultivation was characterized by a
browning of the cultures after the first batch growth, It was determined (via
bioassay) that insufficient potassium was the cause. Potassium deficient
cultures greened quickly when brought indoors and supplemented with potassiunm.
Outdoor brown cultures, after supplementation with potassium, greened very
slowly and incompletely, The same problem with regreening occurred after
nitrogen starvation.

The growth of this organism, when healthy, was characterized by a deep green
color and a complete dispersing of cells. As any one of a number of nutrient
deficiencies set it, the cells clumped (with scores of cells to a clump). The
cells themselves were almost straight or sickle-shaped, with sizes varying
between 12-40 u in length and 2-4 u in width (Figure 3-3). |In addition to
nutrient deficiency, clumping of cells was a consistent consegquence of extended
cultivation of this organism. The gentle mixing caused by paddlewheels appears
to have enhanced clumping.

fnother consistently observed characateristic of this organism was the tendency
to bleach in high light or due to nutrient defiency. The bleaching, once

strain, When dilute cultures were initiated under sunlight, this bleaching was
typical, but chlorophyll content increased as density increased due to growth.
Cultivation of this strain was limited both due to competition from wild

temperatures.,

Average production from this strain was only 12 gm/mz/day. It was difficult
during May 1984, Increasing the_;;I;EIE;_from 4.5 to B.5 ppt in April did not
lead to faster growth, higher productivity or increased competitiveness.

3.5 GSCENEDESMUS So2A CULTIVATION

A strain of Scenedesmus, designated So2a by its isoclator (5. Lien) was grown
for a short period of time in the 100 n2 ponds. The duration of cultivation
was limited by climate (cultures were inoculated in Sept. 19B3) and
contamination by the wildtype Scenedesmus. Table 3-10 summarizes the data. As
the Fall progressed productivity declined. Since the organism was neither
highly competitive, nor a lipid producer (Section 3.4) it was not studied

further in 1984,
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Table 3-9

Ankistrodesmus Productivity Summary: Weekly Averages

Average Productivity Max Prod. T,°C Density
Ma/Yr,Wk gmlmzlday Lgly/d % Tot. gm/mzld Min/Max pH ppm
8/83,0 1z e54 1.0 16 20-33  £.0-9.0 235-425
2 10.5 615 0.9 13.5 19-33 8.0-8.7  &0-225
3,4 0 K+ deficient
9/83,1 13 545 1.3 13 20-30 7.2-8.5  65-330
2 14 526 1.5 16 20-31 7.9-8.5 167-304
3 19 454 1.2 14 16-29 7.8-8.5 178-420
4 15.5 402 2.4 18 17-27 7.6-8.8  75-300
Average ;; ;;
11/83,1 b 120 2.9 8 7-16 8.5-9.2 100-290
2 7 210 1.8 9 6-14 8.5-8.9 150-300
3/84,1 i1 430 1.4 11 8-19 8.8 260-460
2 B.5 375 1.2 12 10-21 2.0 170-250
3,4 12 485 1.4 16 12-22 8.3-8.8 80-380
Average I; I;
4/84 1,2 12 4460 1.4 18 10-24 7.9-9.2 140-600
3 12 544 1.2 18 10-29 8.2-8.4 100-800#
4 13 566 1.3 22 B-26 B.0-8.9 100-700+#
Average I; I;

¥ 2X salinity
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Table 3-10, Scenedesmus So2a Cultivation: 100m2 1983

Ave.qPrnductivity Ef¢. Max.Prod. T,°C Density 0
Dates gm/mc/day Lgly/d % Tot. gm/mzld min/max pH ppm days

Batch Btart-up
9/27-29 10 355 1.3 16 15-23 8.0-8.5 35-195
Continuous Operation

10/1-7 15 405 2.0 17 19-25 7.2-8-9 130-180 2.3

10/8-11 10 371 1.5 12 14-29 7.0-8.8 120-15% 3.2

3.6 LIPID CONTENT

None of the strains tested in the outdoor system produced lipids in large
amounts, either when N-sufficient or starved. Table 3-11 lists lipid content of
the strains used outdoors.

Table 3-11. Lipid Content of Mase Cultures

Organism N-Sufficient N-Starved
# tests U lipid §.D. # tests % lipid §.D.

8, quadricuada 8 20.2 2.4 2 13.8 0.1
Ankistrodesmus 9 26,3 3.2
S.502a 2 18.7 0.3

3.7 CONCLUSIONS

0 Productivities of 15-25 gm/mzlday were routinely obtained
from wildtype strains throughout the 7-8 month "growing season.”
However, higher values were rarely seen, Thus a "barrier" of
unknown origin appears.

+} Continubus operation was about 20% more productive than semi-
continuous aperation, but “harvesting" densities were much lower,

0 Pre-selected strains fared poorly in competition with wildtypes.

If species screening is to be effective, more attention must be
paid to the climatic conditions prevailing at the mass culture site,
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SECTIDN 4.0

PHYSIOLOGICAL FACTORS AFFECTING NET PHOTOSYNTHETIC YIELD

4.1 INTRODUCTION

A noticeable aspect of the cultivation data is the consistency with which
productivities were below 23 gm/mzlday. In this section the fellowing
tactors, which may have limited yield are discussed: gqrazing, temperature
and levels of dissolved oxygen. It will be seen that each strain responds
to a different extent to high levels of these parameters,

4,2 GRAZING, TEMPERATURE AND DISSOLVED OXVYBEN IN PONDS

4.2.1 Qvernight Losses_and_1.4 sg.n_Pond Results

Experiments were conducted to try to ascertain the reasons for low
productivity in specific cases, and the appearance and disappearance of
particular strains at certain times of the year. The §. guadricauda
faltered during the hottest months, but daominated ponds at other times,
The results below indicate that 1) this strain is respiratory at high
temperatures, 2) that it is susceptible to grazing at high temperatures,
i.e,, when grazing activity increases, but 3) it is relatively teolerant
to very high levels of dissolved oxygen.

Table 4-1 shows overnight respiratory and grazing losses measured in §.
quadricauda cultures. Grazers were totally absent from ponds throughout
1983 and most of 1984. Only when pond temperatures reached 25°9C
overnight and 35°C during the day, for extended periods of time, did
grazers bloom. This occurred in June 1984. The threat of grazing

remained until Sept., 1984. During July-August 1984, even with heavy

maintained. The Chlorella cultures, on the other hand thrived, although

each hatch needed to be operated on the final day, at high pH (>9.3) with
30 ppm free NHz, for twenty-four hours, to eliminate grazing. As shown

being densely packed with cells to being 504 composed of cell debris and
detritus, Grazing increased during this period with typical rotifer
levels of 0/ml in April, O-1/ml in May and 10-10Q¢/ml in June. The
overnight losses became nearly equal to daytime production when heavy
qrazing accompanied respiration. It should be noted that at low to
moderate overnight loss ({10% of daytime gross) the precise value of the
loss was difficult to resolve. The calculation involves subtraction of
two large numbers f{evening and morning dry wts.), each of which was
subject to a 1-4% error. As overnight losses got large, these differences
became more and more accurately resolvable.,
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Table 4-1., 8. guadricauda Overnight Losses

Gross Overnight Loss Pond

Product. % of 19,C Size Rot.
Date gm/mzlday gm/mzlday Gross min am max nl #/ml
4/25,26 15.1 +0.3 O+ 7 7 14 100 0
&4/15,16 16.7 -0.3 0+1 159 16 25 1.4 0
6/24,25 21.8 -1.0 9+5 22 22 34 200 0
6/284,25 17.6 -4,0 23+4,-8 | 21 21 30 100 4
6/15,16 15.4 -4.90 26+13,-20 18 26 27 114 0
6/13,16 11.4 -1.4 12+430,-20 19 21 3t 100 0
7/3,4 22.6 -21.2 93+10 24 29 37 200 100
7/3,4 20.90 -12.6 63+7 22 28 3¢ 100 10
7/3,4 20.2 -15.2 75+8 22 28 34 100 1o

Table 4-2 shows results fromm sequential batches in the 1.4m2 ponds, one of
which was heated. The collapse of the §. guadricauda occurred more quickly
in the heated pond, which could not be grown to high density in late June.
No grazers were present. By July when temperatures were above 359C, it
could not be grown at all (no data shown)., At this time temperatures in the
unheated pond were also high. As can be gleaned from the table, higher

temperatures first impacted production at high cell density.

Overnight losses for Chlorella are presented in Table 4-3. Here losses were
low except in a heated 1.4n% pond, and in the 100m2 pond (I-1) when
overnight temperature was highest. At prevailing temperatures respiratory
losses were 0-10%,. Grazing increased losses and was most severe at higher
temperatures., Productivity results from the 1.4n2 ponds (Table 4-4)
indicate that this organism tolerates temperatures from 12-159C at night

and 25-389C during the day. Low respiratory losses were measured fronm
Docystis _cultures as well (Table 4-5). The organism grew well in the 1.4m2

ponds for short periods ot time after inoculation (Table 4-6), but did not
compete well enough to successfully inoculate the larger ponds,.
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Table 4-2. §. guadricauda 1.4n? Pond Results 1984

Dates Days Tpip Tpax PH  TDE  Density Ave.Prod. Max.Frod. Heated

oc o¢ ppt ppm gn/mn?/day gm/mZ/day
6/12-14 3 13 8 7.3 0.4 116-332 22 27 -
6/15-17 3 15 29 7.9 0.4 332-490 14 19 -
6/12-4 3 13 31 7.9 0.4 164-428 23 27 H
6/15-17 3 17 31 7.5 0.4 428-569 14 19 H
BATCH #2
b/19-21 3 13 28 7.75 0.4 133-298 15 i8 -
6/22-23 2 13 28 7.90 0.4 298-~400 14 14 -
4/1-21 3 18 31 7.75 0.4 110-308 18 20 -
4/22-23 2 18 31 7.80 0.4 308-250 -g* - H
BATCH #3
4/25-29 5 15 30 8.3 0.4 115-425 16 264 -
6/30-7/1 2 15 31 8.3 0.4 425-347 -g* - -

#Culture 50% dead

4,2,2 Productivity Profiles

In several instances productivity profiles were calculated in an attempt to
determine how the biomass increase was distributed over the daytime. The
culture (Table 4-7). Although production was not even over the day,
afternoon cloud cover is easily seen to be the reason. The last row of the
table gives an efficiency calculation, with errors. The errors are actual
talculations based on the duplicate analysis of cell density. Thus although
high efficiencies appear to have been obtained in the afternoon {and even
pvernight), the errors are so large that the values calculated are
meaningless., Half-day averages shown in a later table indicate that in fact
efficiency dropped in the afternoon., The data indicate that irradiance must
be greater than 200 Wn~2 to obtain much biomass increase in a dense culture
(>700 ppm). Pond temperatures were below 209C, but even at low temperature
and insolation, pond DO was quite high,
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Table 4-3. Chlorella Overnight Losses

Gross Overnight Loss
Product. % of T,9C Rot.
Date gm/mzlday gm/mzlday Bross min max 1900 0700 #/ml

8/3,4 25.5 -1.6 b +6-3 15 27 24 15 0
4,5 15.2 -0.8 5 +5-3 14 29 24 14 0
Jy6 19.7 -0.8 4 +2-2 14 27 23 14 0
6,7 18.6 ~1.9 10 +4-2 15 29 24 14 0
9,10 21.3 -1.1 5 +5-3 16 31 26 16 0
10,11 26.9 ~3.7 14 +8-4 16 30 24 16 0

- S G Ge G e S G G e A G S VR S T N R S AN A A G A M R e S e G G D e G G O S e e W R Y e B MR N Se G W M R e W e e e

8/4,5 17.6 Z.1 - 15 30 24 19 0
946 13.8 0 0 14 34 28 20 0
6,7 14.4 ~b.6 46 +23,-23 16 34 29 23 0
9,10 30.8 -8.5 28 +5,-6 16 38 32 23 15
10,11 34.0 -8.5 28 +5,-6 16 38 3% 23 30

T e T

84,5 19.6 2.0 10 410,-5 19 31 30 13 o
3,6 30.8 ~-2.8 9 +5,-5 19 31 30 19 0
6,7 22 -4.0 18 +6,-9 21 32 30 21 15
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Table 4-4. Chlorella: l.4m2 Pond Results

Toin Tmax Ave.Prod. Max.Prod. Density
Dates Days o¢ o pH gn/m2/d  gm/m?/d  Heated

T G G0 G s WD et B WS N M G S WA e TN W G G e G W W S W W N S e N TR NS M S N G e G G e A e et e e e e G e G s e W B e T T W AW W AR A e e e At

7/23-25% 3 15 30 8.3 34 40 H 108-493
7/26-27 2 14 31 7.9 26 - H 130-323
7/28-29 2 13 31 7.5 18 20 H 323-461
7/30-8/2 4 14 31 7.2 23 30 H 113-461
g8/8-11 4 16 38 7.5 20 31 H 101-398
B/8-11 4 15 31 7.3 19 23 - 95-381

Table 4-5. OQOpcystis: Overnight Respiration - t.4n? Pond

Gross Respiratory Loss

Froduct. % of T,9C
Date gm/m2lday gm/mzlday Gross min max 1900 Q700
6/30-7/1 13.3 0 0 +5 14 30 30 21
7/4,5 22.9 +0.5 2 +2 19 32 3 19
7/4,5 23.7 ~4.2 18 +6,-8 19 34 33 24

Table 4-4, OQocystis: 1.4n2 Pond Results

Aver.Prod. Max.Prod.

Dates Days Toin  Tmax pH  gn/m2/day gm/2/day Heated
6/27-30 4 16 31 8.5 22 30 H
711 1 16 33 8.6 0.6 -

7137 g 17 33 8.3 20 23 H
7/3-7 § 17 30 8.3 20 23 H
7/21-23 3 14 26 B.3 24 28 -
7/24-25 2 16 26 8.3 14 15 -
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Table 4-7

6 ppt
4/264

Time 0700 1100 1300 1500 1700 1900 0700
Temp,9C 8 12 17 18 17 14.5 7
Do

% sat 160 —— 450 400 310 235 -
ppm 18 -- 40 37 28 23 -
Density

ppa 660 698 721 726 732 734 736
+ppnm 2 2 3 3 3 3 3
Ia,wm'2 226 978 981 303 224 003 261
Iy

Langleys 16 208 378 488 923 539 951
% Total 3 38 69 8B 95 98 100

differential - 192 170 110 35 16 12
Productivity

cum.gm/m? - 7.8 12.4 13.4 14,7 15.1 15.4

% Total - 50 g1 87 95 98 100
differential - 7.6 4.7 1.0 1.2 0.4 0.3
__diff, Prod. x10% 40+4  2Bt5 9+9 34434 25425 25+25

diff. Langleys

An afternoon productivity depression was observed on &/13 and 6/15, 1984 in
the 1.4m2 ponds (Tables 4-8AB, 9AB). In these ponds mixing intensity

(Wn~3) was much higher than in the large ponds. This resulted in much
increased gas transfer through the surface and hence lower DU levels. FPond
temperatures were higher than in April. A disproportionate amount of the
total yield was obtained prior to 1300 hrs. The effect was greater in the
heated pond, as best evidenced from Tables 4-9AB, in which overnight losses
are accounted for. Respiration is a possible cause, increasing as pond
temperature increased. The effects of DO are uncertain, but as will be shown
below, prolonged exposure to high DO only moderately reduced productivity of
this strain in the laboratory.
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Density
ppm
tppm

1oy Wn™2

I
Langleys
%“Total
differential

Productivity
Cum.gm/m
%“Total
differential

Table 4-8A

Productivity Profile &/13/84 5. guadricaudsa

1.4m2 Pond - Unheated

0.4 ppt
0700 1200 1400 (6/14) 0700
12 22.5 26 12
100 240 280 100
10.6 2t 21 10,6

182 207 226 240
1 3 5 4

0 906 906 0

0 266 426 698

38 69 100

266 160 267

0 6.7 11.7 15.4

44 76 100

6.7 5.0 3.7

_x10% 2544 31414 14+9

diff. Langleys
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Productivity Protfile

Time 0700
Temp, ©C 17
Do

%sat 100
ppm 9.6
Density

ppm 264
tppm 2
lg, Wa™2 0
Iy

Langleys 0
“Total

differential

Productivity
cum.gm/m2
“Total 0
differential

<o

diff., Langleys

Table 4-8B

1.4n2 Pond - Heated

300

906

266
38
266

0.4 ppt

36

280
21

318

9064

426
69
160

14,3
79
4.8

30+6

(6/184) 0700

18

100
9.4

333

693
100
267

18.4
100

3.9

15+5



Table 4-94

Productivity Profile 64/15/84

1.4m2 Pond - Unheated

Density
ppm
tppa

Igy Wa~2

Iy
Langleys
#Total
differential

Productivity
cum.gm/m2
%Total
differential

diff., Prod.

0.4 ppt

0730 1300 1700

14 27 28

140 2490 180

14 19 14

332 372 -
2 2

261 927 544

17 336 623

2,9 49 g0

- 319 287

- 10'6 -

- b3 -

- 10-6 -
1103 3344

diff. Langleys

37

395

180

683
59
&0

16.7
100
bll

18+4

{6=16) 07900

14

100
10,2

159

691
100

16.5



Productivity Profile

Table 4-9B
4/15/84

1.4n% Pond - Heated
0.4 ppt

8. guadricauda

PR

Time 0730
Temp, °C 25
DD

%sat 130
ppm 10.6
Density

ppm 428
tppm ]
Igy Wa™2 261
I1

Langleys 17
%Total 2.9
differential -
Productivity
Cum.gm/m2 -
%Total

differential

dift. Langleys

240
18

469

927

336
49
319

10.9
71
10.9

3447

185
14

623
90
287

38

484

180

683



In Tables 4-8AB, the last row indicates that photosynthetic efficiency did
not decrease at peak irradiance (1200-1400 hrs) but did decrease S0%
thereafter. A halving of efficiency in the afternoon relative to the
morning is again evident on 4/15 {(Tables 9AB). Table 4-1¢ summarizes the
tulture). PM depression appears to correlate with pond temperature, with a
greater decrease in efficiency occurring during warmest afternoons.

Table 4-10, Split-Day Productivities

ist Half Photosynthesis 2nd Half Photosynthesis

Date T,9C 17 P (P/Ipx103  1g P (P/I7)x103
0700 1300 1900 lang. gmn/m? gm/m? lang. gm/m? gm/m?
lang. lang.
4/25 ~8 17 14.5 362  12.5 3442 161 2.6 1644
5/7 14 23 29 332 10,2 31 332 9.4 28
¥14 24 29 332 8.2 25 332 8.0 24
14 24 29 330 10.0 30 332 6.4 19
6/13 12 27 26 426 11.7  27+a 267 3.7 1449
x17 3t 29 426 14,5 34+4 267 3.9 1545
6/15 14 27 27 31,9 10.6  33+4 347 b1 18+4
%25 31 29 31,9 10,9 34+7 347 4.5 1348

~ clpudy afternoon
*# Ankistrodesmus culture., All others 8. gquadricauda

% Heated pond

PE = (P/L)x103 x (.055)

4-3. LABORATORY TEMPERATURE AND DISSOLVED OXYGEN EXPERIMENTS

Experiments were conducted in the laboratory in IL Roux flasks both with
strains cultivated outdoors and with strains of importance to the ASP., In
this section, the effects of temperature and DO on net productivity are
discussed,

Table 4-11 shows culture conditions and results of "control" experiments.
Reproducibility of these experiments was good as evidenced by the small
standard deviations relative to the means. The relative yields from cultures
indoors was similar to outdoor results.
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Table 4-11., HRoux Bottle Cultures ~ Controls

Organism pCO, Alk,aM  pH T,9%C Wm™2  gm/mZ/day Eff,% TDS,ppt
S.quad 1 5 B.06.3 30 20 13.500.5  12.0 0.4
Ankis., 1 20 B.2+,3 25 25 10.0+1,4 11.3 4.5
Isochysis 1 3 8.0+,3 25 25 8.0+0,5 9.1 28
Docystis 1 20 8.3+.3 30 25 10.040.5 11.3 4.5
Chiorella 3  2-30 7.5-8.2 30 35 16.440,3 10.3 4.5

Figure 4-1 depicts laboratory results using §. guadricauda. The results are
presented in order of descending productivity relative to the control. At
0.4 ppt TDS (freshwater), productivity was highest at 309, reduced 207 at
259C, and practically nil at 359 (data not shown: cultures were not
sustainable at 359C, constant temperature). DO in these air/C0y grown
cultures was 100-125% of saturating. Increasing salinity to 4 or 9 ppt,
reduced productivity 15% at 25°C, and also lowered the temperature

optimum. Productivity was reduced another 15% at 309C, 4 ppt relative to
the control, Again, at elevated salinity and 35°C, cultivation was not
sustainable. Sparging with 0,/C0; brought DO to a little above 300% of
saturation. It reduced productivity over 20% at 309C, 0.4 ppt but had
little further affect on yield at elevated salinity and 309C. Thus we can
summarize by saying that only small effects were measured when salinity was
increased and/or DO was high, and/or temperatures maintained between
25-30%C. The most relevant result is that the strain would not grow at
359¢c,

Figure 4-2 shows results from Chlorella cultures. The pH effects will be
discussed in the next section. MWith this organism, DO had a much greater
effect, reducing productivity 50% during the first batch, 85% during growth
of the culture after dilution, and (data not shown), killing the culture
thereafter. However, switching back from O to air, led to swift and
almost total recovery. Figure 4-3 shows the same results with
Ankistrodesmus. However, one important difference was the failure of this

strain to recover when switched back to air. With both organisms, partial
bleaching at pigmentation accompanied growth under pure oxygen. The

Figqure 4-4 shows a similar experiment with Oocystis. 0O, inhibition of

yield was faster, occurring to greater extent during one cycle. This
organism grew at 35°9C but not at reduced pCOj.
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4.4 CONCLUSIONS

The strains responded differently to various temperature and oxygen
stresses, 8, guadricauda tolerated high DO, but exhibited a temperature
limit of around 309C. In the outdoor ponds it grew well all year except
when pond temperatures were highest in July and August 1984. The Chiorella
inhibited by constantly high DO, but recovered in fluctuating DO regimes.
The Oocystis was greatly inhibited by DO. It was cultivatable in 1.4n2

ponds (DD = 2007 sat.) but not in 100m2 paonds (DO = 500% sat.). The
I;;;;EEE;;;;;-pigment) when switched from stressed to non-stressed
conditions. Its performance in outdoor growth units was variable and subject
to upset. It competed poorly.

accumulation of dead cell debris in the clumps. Thie accumulation of
detritus, which is known to be substrate for rotifer growth, along with
higher rotifer activity at increased temperatures may explain the lack of

-2~ -3 —p—p— - o o —

lese easily grazed upan.

Respiration and grazing appear to significantly limit net yield from some
algae. High DO and photooxidation may also limit yields in mass culture.
Screening under fluctuating conditions in which stressful conditions are
realistically tested should eliminate strains that respire too much at high
temperatures, exhibit low resistance to grazers (which may be related to high
respiration rates), or are inhibited by high DO and light levels. Many of
the pre-selected strains tested during this project did not tolerate high
temperature, high DO, and/or high light intensity.
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SECTION 5.0

SALINITY, MINERAL COMPOGSITION, AND RECYCLING

5.1 INTRODUCTION

The mineral composition of the medium is an important factor in terms of
species competition and suitability of strains in systems in which the
composition may vary in time and space (i.e., well by well). Several of the
strains were investigated for their tolerance to changes in total salinity
and in composition of minerals. In addition two experiments were performed
with recycling of clarified effluents to detect any short-term effects. One
of these experiments used Apkistrodesmus in a 1.4m“ pond indoors. The

for tolerance tp different levels of overall salinity. Each displayed
tolerance to the levels tested, however this did not guarantee a high level
of competitiveness at each TDS level. For instance, it was difficult to
culture Isochrysis in open, 1.4n? tanks at 7 ppt TDS due to the rapid

even at 2B ppt would result in a saltwater strain taking over in intensive
open culture,

tultures during the spring of 1984. 7The Scenedesmus grew about as well at
TDE 4,0 as in freshwater, and somewhat less well at 8.5 ppt. As was shown in
Section 4.0, however, its high temperature tolerance decreased as salinity
increased. This was evidenced in the outdoor work by the order in which
culture productivity decreased with time, leading to subsequent loss of the
culture. As summer arrived, first the B.5 ppt culture died, then the 4.0 ppt

culture and then the freshwater culture. The Ankistrodesmus grew as well at

Salinity tolerance of lsochrysis is shown in Table 5-2AB. n represents the
number of sequential batches. At all TDS levels, photosynthetic efficiency
dropped as irradiance increased. The closed, axenic 1L cultures were
relatively easy to keep going. However, lag times upon reinoculation of each
successive batch were long unless initial densities were kept high (250
ppm), The open, 1.4m2 ponds were very difficult to operate due to lags,
erratic growth, and contamination.
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Table §-1. Productivity and TDS - 100-200m% Ponds, 19B4

45

Month Organism 0.4 ppt 4.0 ppt 8.5 ppt
March Scenedesmus 13 11 -
April Scenedesmus 15 14 -
Ankististrodesmus - 12 12.5
May Scenedesmus 20 16 13
Table 5-2A. Isochrysis Productivity and TDS - i.4n¢ Ponds
b8 Aver. Prod. Eff. Max. Prod. Max. Density
gm/mzlday “ Vis gm/mzlday ppm
n=2 28 6.3+ .8 2.8 8.1+41.1 350
n=2 7 6.9%1.7 3.0 9.8+0,4 700
Iqg = 125 Wn~2 = 125 Langleys/day, L:D::i2:12
Table 5-2B. 1Isochrysis Productivity and TDS - iL Cultures
TDG Frod. +8D Eff. Iy
gm/mzlday % vis Wm™ <
n=29 28 8.6%1.4 9.1 25
n =7 21 B.3+2.1 8.8 23
n=29 1 5.840.9 6.1 25
n =13 28 11.846.4 7.8 40
n =12 21 12,0+5.5 7.9 40
n=13 7 7.5+2,1 5.0 40



than that of other algae grown under similar conditions. Data were taken to
measure loss of biomass during the twelve hour dark period, and excretion of
products into the medium. Table 5-3 shows these data from an Isochrysis

- e o m e o e - -

{total organic acids) all together were more than 40% of that, During this
time, along with production of 100 ppm of particulate biomass, almost 60 ppn
o0t carbohydrate and organic acids were excreted into the medium. As shown in
Table 3-3, no measurable protein was excreted by either organism. Although

increased, organic acid levels increased and decreased with time.

Table 5-3. Losses From 1.4 m? Pond Cultures

Ankistrodesmus 1. _galbana
(125 Wn™2) (125 Wn~2)
Production during light period 16.2 4,7
Loss during dark period# 3.6 -2.2
Net 24 hr production# 12.6 2,5
Biomass density, V&S ppm 600 400
Dissolved protein, ppam 0 0
Dissolved CHO, ppm 2 60
Dissolved organic acids, ppnm 2-30 90-115
TOA/Biomass 0.01 0.40
CHO/Biomass 0.01 0.20
Protein/Biomass 0 0

*gm/mzlday

5.3 MEDIUM COMPOSITION AND CULTURE REQUIREMENTS FOR ANKISTRODESMUS

requirements for adequate growth and thus the cost - productivity trade-offs
for media constituents. The data pbtained indicates that expensive media
inclusione, such as trace metals, EDTA, and alkalinity need not be added in
large amounts. Indeed trace requirements can be supplied by the water
resource, EDTA is necessary in only small amounts (<10 uM) or not at all, and
alkalinity tolerance is broad (at least 5-20 mM). Problems were encountered
in attempting to study long-term growth of this organism: as semi-batch
cultivation endured the culture degenerated, losing its productivity and
competitiveness and as light intensity was raised to 40% solar, this
deterioration accelerated.
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The first series of experiments compared growth at several light intensities
and pH regimes. Table 5-4 shows productivity data vs, light input and pH for
healthy, dispersed cultures., From the table it is evident that cultivation
at pH 7 resulted in the highest productivity., However cycling pH between
6.5-9.5 was nearly as satisfactory. Productivity was lower at pH 8.7.

Figure 5-1 illustrates productivity vs, light input for healthy, dispersed
cultures at optimal pH and at temperatures equal to 26+29C. The average
productivities (averaged over the entire batch cycle) show the saturation
that would be expected in a turbulent, but not intensely mixed system (mixing
speed approximately 45 cm/sec, 1.5 fps). Maximal productivities (averages of
the maximal production of each batch) show this to a lesser extent with
basically a steeper linear increase at low light vs. high light. This
leveling of productivity vs, light input became very pronounced for both
average and maximum productivity as the irradiance was increased above 200
Wn=2, 1In addition, clumped Ankistrodesmus cells competed very poorly with
contaminants at the higher light intensity., Table 5-5 shows productivity
data as a function of media composition. Lowering EDTA to 13 uM (.2 mole
EDTA : | mole Fe) from 130 uM (2 mole EDTA : | mole Fe) had little effect,

It might not be expected that such a short-term lowering (i sequential batch)
would have much effect on availability ot trace metals, but even over the
long-term (5 sequential batches) lowering the EDTA did not lower productivity
in comparison to a long-term control (Table 2-1). Since iron was near yield
limiting levels in the medium (4 ppm as Fe for 1500 ppm biomass), even
short~term reduction in EDTA, if important, should have had an effect.

Table 5~4, Light Intensity - pH: Ankistrodesmus

n Langleys Avg Avg. Rvg. Max.
Wwn~2  Prod. Eff. Frod. pH Media  Cond,
4 80 40 12(10) 8.2 14(12) 6.5-9.5 Basal 3]
3 80 60 g7} 5.5 14(12) 8.7 Basal D
4 120 100 16(14) 7.3 23(20) 6.,5-9.5 Basal D
1 120 100 19(14) 8.7 231(20) 7.0 Basal D
4 120 109 14¢12) b, 4 19(16) 8.7 Basal D
2 125 125 19 b.6 20 7.0 Basal+ 80% D
2 175 175 20 5.9 30 7.0 Basal D
{ 223 225 20 4,9 25 7.0 Basal+ D

See Table 5-5 for media used. D = dispersed.
Values in ( ) were normalized from L:D cycle of 14:10 to 12:12
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Table 5-5. Ankistrodesmus: Medium Composition Experiments

Sequen. Lang./day Ave.Prod. Ave.Eff. Max.frod. Culture
Batch (Wn~2) gm/mzlday %L ovis gm/mz/day Medium Condition

*

Initial: Control:
{ 173 20 6.2 30 125um NagEDTA D
i 1735 20 b.2 28 13uM Na,EDTA
Long-term: Cantrol:
2-6 175 14.2 4.4 20.8 125uM 75%C
2-6 175 13.6 4.3 17.4 13uM 754C
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1 175 16 5.0 20 Control 23
1 175 15 4,7 21 Dosed Urea-daily 25
i 175 12 3.8 22 Dosed NO3 daily 25
TDS Experiments

1,2 175 15 4.7 25 Control 90%C
2 179 15 4.7 21 2% salts, Urea 20%C
1 175 12 3.8 22 2x salts NOD3z 90u%C

Trace Metals Experiment

1,2 125 13 b.b 20 Control D

1,2 125 14.3 6.3 19 10% trace D
1 125 13.¢ 5.7 17 47 trace D

#D = dispersed C = clumped

Elevating boron and floride levels (to levels in Pyramid Lake from which the
Ankistrodesmus was isolated) also showed no difference from the control.
Bioassays also indicated that low levels of these elements were not
responsible for culture deterioration. Adding urea incrementally (1-2 aM per
day) was no better or worse than adding it all at once (10 mM urea-N
initially)., Nitrate could be substituted for urea. Doubling the leveis of
NaCl, KC1, CaCly and MgCl, had no short-ternm effect. Neither did lowering
only Mg levels, Growth of cells which were obtained from the outdoor ponds
and thus grown for a prolonged period of time on trace metals available in
the water supply only (10-50% of lab levels) was as good as controls.
Reduction of alkalinity levels from 20 mM to 5 mM did not change
productivity. In the short term Ankistrodesmus grew equally well over =

range of salinity, mineral composition, alkalinity, trace metal and chelator
concentrations. In addition, growth in ocutdoor ponds and at low

49



light (3¢ Nm'2, continuous) with and without vitamin supplementation
indigated that vitamins are not required for productivity up to 20
gm/m</day.

s culture degeneration appeared to be a serious problem, data was obtained
to document it and bicassays were performed {under low lights in { L bottles)
to determine whether it was reversible.

Decreases in productivity were associated in every instance with cell
aggregation into clumps. As indicated in Table 5-53, as clumping increased,
productivities of control cultures decreased., Eventually the cultures
failed, i.e., productivity declined precipitously and contaminants grew.
These events became typical. No significant levels of extracellular products
were measured.

Table 5-5 (Continued)

Sequen, Lang./day Ave.Prod. Ave.Eff. Max.Prod. Culture
Batch (Wm~2) gm/mzlday A ovis gm/mzlday Medium Condition®
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{-2 125 15 b.6 20 20mM Alk (Contral) D
1-2 125 15.6 6.8 21 SmH ALK D
i 125 13.3 5.8 15 1.5mM Alk
High Light Intensity Experiments
1 225 18.6 4,5 23.5  SmM Alk (Control) Good
2 225 13 3.2 21 SmM ALk Bleaching
3 225 Dead - omM Alk
1 225 14.4 3.5 23 10mM Alk (Control) Good
2 225 16.3 4.0 22 10mM Alk Bleaching
Clumping,
Debris
3 228 Dead 10mM Alk
Magnesium Experiments
1 223 16 3.9 24,4 10mM Alk, Good
0.3mH Mg
2 225 14,3 3.9 22.6 1omM Alk, Bleaching
0.5mM Mg Clumping,
Debris
3 225 Dying --- 1o0mM Alk,
0.5mH Mg
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A new culture of the Ankistrodesmus_ was obtained (from Dr. W. Thomas) and
grown. It was, as before, initially mostly dispersed. When grown at 25
¥n~2 continuous illumination, the cultures became about 20-30% clumped.
However, when grown at 150-250 Wn~2 with a 12 hr. light cycle, the cells
became more clumped as the number of sequential batcheg increased. The same
medium was used in both cases. Thus, it appears that high light intensity
may be responsible for deterioration of the culture. Cultures grown at 225
Wn~2 deteriorated faster and further than those grown at lower light
intensity (Table 5-5). By the second batch, bleaching was evident and by the
third batch the cultures were dead., In order to determine if a nutrient
deficiency was also involved in the culture deterioration, bioassays were
performed. The bipassays consisted of (1) growing healthy (dispersed) cells
in basal laboratory medium, outdocor pond water, and clarified liquid from an
unhealthy pondy (2) growing unhealthy (clumped) cells in the same mediaj; (3)
spiking the deteriorating culture liquor with several different nutrients;
and (4) spiking & healthy outdoor culture liquor with the same set of
nutrients. Detailed results of the bioassays can be found in our Interim
Report to SERI. To summarize the following conclusions were drawn: (1) iron
was not growth-rate limiting in unhealthy indpor pond media, but it was the
nutrient that first limited yieldy (2) the healthy cells increased themselves
4-10 +old at similar rates in all 